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A3STHA.CT 


In orthogonal taachining^ cutting is carried out by a wedge shape 
tool with rake and clearance faces joined by a rounded cutting edge which 
may be approximted by a section of a cylinder. The geometry of the tool 
largely determines Ihe chip formation process, power requirement, life and 
wear of the cutting tool and quality of machining . The purpose of this 
work is to investigate the effect of rounded tool edge. The main objec- 
tive was to define the neutral point on the cutting edge where transition 
from ploughing to cutting occurs’-/fA theoretical analysis which equates 
the forces in the direction of tool notion on a blunt, and a sharp tool 
with a finite wear land predicts that this neutral point angle is 37,5® 
which corresponds to an effective rake angle of - 52,5®j'*^ood agreement 
with experimental result is obtained, A new criteria for 'machinability' 
is also discussed in terms of rake angle where transition from ploughing 
to cutting occurs. 



CHAPTEB-I 


INTRODUCTION AND IITERA.TUKE BEVIEW 

INTBODDCTION ; 

Most theories of metal cutting assume that the tool is infinitely 
sharp. This simplified approach has been used to predict the shear plane 
angle. Merchant (l) has analysed the metal cutting process for a sharp 
edge tool and proposed the force diagram (Fig. l) for a positive rake 
tool. 

A similar force diagram can be drawn for tool of negative' rake 
angle. These forces cause the shearing of the work material > producing 
new woik surface. Though the theory based on the sharp edge tool clari- 
fies to a great extent the mechanics of the metal cutting process, 3ret 
some unexplained factors remain. 

To name a few such instances, one nay note that the coefficient 
of friction on the chip-tool interface has usually heen found to he 
rather high compared with the values found hy direct experiments on sur- 
faces having contaminating films. Further, this coefficient of friction, 
as given by the theory, has a peculiar property, that is, it varies 
with the tool geometry. The chip-tool coefficient of friction increases 
with increasing ri^e angle of the tool (2). 
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Albrecht (3) has pointed out that the natural sharpness of a tool 
after grinding rake and clearance faces corresponds to a edge radios of 
about 0.0003 inch (0,00762 ran). 

Often tool sharpness in metal cutting is associated with tool 
wear. Thus if the flank or crater wear of a cutting tool is in an ad- 
vanced stage the tool is often described as blunt or dull. So we &fine 
the sharpness of an orthogonal tool as a function of -ttie radius of tbe 
tiny cylindrical surface connecting flank and rake face surfaces. This 
small cylindrical surface is developed on the cutting edge during the 
grinding process of the tool. The way in which it happena is shown in 
Fig. (2). As the grinding vAieel works along ihe tool face or tool flank, 
the tiny particles of tool material will break off at the extreme edge 
where the edge is so thin that the materia}, can not stand the impact of 
grinding wheel grains. This leads to a rounded surface as shown in Pig. 
(2»). The cross-section of this rounding would be a curve which can be 
very well apnroximated by a segment of a circle as shown in Fig, (2fc.), 

The radius, r, of such a circle gives the ma^itude of the rounding and 
thus can be adopted as a measure of the sharpness of the tool. The mag- 
nitude of radius characterizing -the tool sharpness depends on a number of 
factors such as tool material, method of grinding, and some others, like 
included angle, S . 

Albrecht (3) has shown that the radius, r « a tan*^(s/2), where 
a and n are partuaeters which determine the position of the curve in the 
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vertical direction in Pig, (3). These paraiaeters also include the 
affects of all other variables which affect the sharpness radius apart 
from the included angle, S. 

Other factors which will contribute to this rounding of tool edge 
are btiilt— up edge formation near the tool edge (s) and the development of 
cracks vhich separate the discontinuous chips from its segments, 

1.1 PREVIOUS mm : 

The modified force diagram of orthogonal cutting process with 
rounded edge tool was suggested hy Albrecht (s) as shown in Fig. (4), 

L is the force acting on the wear land of the tool flaxik. The force P’ 
causes the ploughing of the metal, adjacent to the wear laind, into the 
workpiece. At point 2 the actual separation of the metal from the woxk- 
piece occurs. The friction directions on either side of this point oppose 
each other. The different directions for the friction force results in 
a discontinuity of the force polygon at point 2. At points 1 and 3 dis- 
continuity can occur if "ttie coefficient of friction on the rake face and 
on the wear land differs from that on the rounded edge. If ihe coeffi- 
cient of friction can be considered as constant along the whole tool 
surface over which metal slides, the portions of ihe force polygon from 
0 to 2 and from 2 to 4 will be without discontinuities. 

The assessment of the tool face force Q has allowed the deter- 
mination of a real value of the coefficient of friction on the tool face 
and it was found (3) that this friction coefficient value does not vaiy 
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with the variation in the rake angle « In this way the old paradox of 
varying of the coefficient of friction on the tool face with rake angle 
can be explained. 

It may appear that the character of the flow near the tool edge, 
with or without a build-^p-edge is only of theoretical interest. It is, 
however, important from practical point of view since surface finish and 
accuracy of machining depends on the metal flow characteristics in this 
region. 

It has been established that the size of the build~up depends 
on the cutting speed and the rake angle of the tool. This aspect has been 
discussed in detail by Heginbotham et.al. (4), The built-up-edge is 
comaonly conceived as an "active” dead metal zone in that it grows in size, 
becomes unstable, and then fractures. But, a small stable dead metal 
zone of constant size has invariably been thought to exist in certain 
circumstances when machining materials which do not exhibit large, active 
formations. Fig. (s) shows this type of built-up-edge formation. 

Assuming 'ttmt the flow is possible around the tip of a round 
edge tool without the forriEition of a built-up-edge, then incompressibility 
condition will suggest that all material above the cut surface (the base 
of the tool) should be removed in the fora of chip, and all material 
below the cut surface should renKiin as part of work. However, this later 
material may rise well above the level of the cut surface as it passes 
through the plastic zone, and the line which separates chip and work 
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material would probably be some thing like AB in Fig, (6). The point A 
nay be terned as ’Nautral Point* on the surface of the tool. Plastic 
naterial on either side of A will move away from A, and the friction 
stresses applied by the tool to the plastic matezlal in the neighbourhood 
of A will be directed towards A, 

The metal particles above the line AB, are deformed by the rake 
face and are formed into a chip, whilst the particles below this line are 
deformed by the clearance face and are not detached from the bodfy of the 
metal. Thus the chip formation process is performed by the rake face, 
whilst the surface layer of file machined component is formed by both the 
rake and clearance faces. 

The angle & describes the position of the neutral point. A few 
investigators (8,9) have defined this neutral point on the edge of the 
tool in metal cutting, but without any valid proof, Gurin (s) gives a 
diagram of the forces within the zone of defonaation when cutting with 
diamond tools, establishing that the stability of the cutting process 
diminishes with the decrease in the chip thickness, the access of the 
new layers of metal into the chip formation zone become more difficult 
and, at a specific ratio of the undeformed chip thickness to the cutting 
edge radius, cutting becomes ic^ossible. From Fig. (?), the ratio of 
the vertical and horizontal components of the pressure R of the metal 
being removed on the tool varies along the rounded cutting edge. In this 
case the separating point A is the point in idiich horizontal and 
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vertical E conpouents are equal. This implies that the force ratio 

is unity at this point T^ich is not justified. This point will be 
discussed later. 

N.P, L*VOV (9) described the neutral point, by appl]ring the 
theory of pressure woxlcing of metals stating that, to admit the metal 
through the roll, the force of the rolls on the metal should (in a criti- 
cal case) be perpendicular to the direction of rolling. His force model 
iff shown in Fig, (s). He suggested that the particles bordering with 
point A, from underneath the resultant E = + Pjj should be horizontal. 

This is possible only when ft » ^/4, because Pt “ 

quently, E = E* , This proposition applies to the point A itself, where 
the force P-^ = P^^s= 0, and horizontal and vertical resultants are equal. 

Thus the minimum chip thickness, a . , was 

mm 

^Eiin “ ®’) “ 0,293 r (l) 

since ft * ^/4, 

During actual cutting, however, ihe stresses are such that 
plastic deformations, wear and even chipping of the tool-edge occurs, 
thereby altering the radius r and the cutting wedge geometry. For 
these reasons, the value of f will be greater than the theoretically 

obtained values# 

1.2 IBESan? WOIE 

It has already been established (lO) that tiie shape of an 
abrasive grain on the grinding wheel can be approximated by a sphere. 
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The analysis of the cutting action of a spherical grain is complex because 
of the fact that the forces act in a three-dimensional space. However, 
if the force model is analysed in a two-dimensional space then some aspects 
of grinding can be explained very easily. In a two— diiaensional-space , 
the centre section of a sphere as well as the cylinder (if viewed from 
the end) form a circle, therefore, the analysis to some extent will be 
applicable to both the cases. 

In the present work it is proposed to present a theoretical 
analysis of orthogonal machining wiih tools of finite edge radius* In 
actual practice the edge radius is generally arotmd 0,0003 inch (0,00762nci), 
However, to simplify the analysis and experimental verification, the edge 
radius will be exaggrated. Tools of edge radii upto 0,060 inch (l,524 mm) 
will be used. The taain objective will be to establish the dSepth of cut 
or the effective rake angle iriiere the chip formation begins. This cri- 
tical depthi of cut is of considerably importance during finish machining 
at fine depths of cut. 



CMPTEEUII 


TTTEC^IlTig^L AI'ALYSIS 

To locate the neutral point on the cj’’lindrical edge of the tool, 
a theoretical laodel is proposed based on the follosring assumptions: 

1. The metal is assumed to be an isotropic, rigid-perfectly 
plastic and non-strain hardening, and obeys the Von-Mises Yield 
Criterion and associated flow rule. Eence the material is incom- 
pressible and elastic strains are negligible, 

2. ’Plastic-recovery’ of the material is negligible, 

3. The edge of the tool is approximated by the section of a 
cylinder, 

4. The coefficient of friction around the cylindrical surface 
(edge radius) is constant. 

5. Continuous chins are formed when the depth of cut is above 
the neutral point. 

The analysis presentad here is based on the concept that the 
force in the direction of tool motion during cutting with a sharp tool 
having finite wear land, and with a blunt tool should he equal at the 
neutral point. In metal cutting practice when t is less thw t(6*) 
where t is the uncut chip thickness and t(0*) is the depth of the 
neutral point, there will be ploughing only while for the case where t 
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is greater than t(6*), both ploughirg and cutting will be there. The 
problem is therefore considered in two parts. 

The first part will comprise the force analysis on a blunt 
tool and in the second part^the force analysis is performed on a sharp 
tool T'dth finite wear land and rake angle varying from 0° to —90®, For 
simplicity^ we will designate the force in the direction of tool motion 
during cutting with sham tool as *cutting-force ’ and with blunt tool 
as 'ploughing-force. At t equal to t(9*), the cutting-force should 
be equal to the ploughing— force . The effective rake angle may be 
obtained by drawing a tangent at the tool face as shown in Figs. 8 and 
IC, This rake angle irill be ('g - 8*), where 9* is the angle of neutral 
point. It is clear that effective rake angle will decrease (less nega- 
tive value) as t is increased. 

The ploughing force (F^ ) acting on the rounded portion of the 

-IP 

tool, can be determined from an upner-bound solution. Johnson (ll) 
assumed the existance of circular cylinderical upper-bound stirface in 
the plastic regions beneath cylindrical rollers and forming tools. It 
is reasonable to assume that a similar plastic region will exist beneath 
the lower cTirved surface of a rounded edge when cutting, in the absence 
of an active build-up formation. This is shown in Fig. (©a). The 
hodograjii for the best upner-bound is shown in Fig. (9b). It is clear 
from Fig. (9a) that the total ploughing force tangential to the tool 
base per unit workpiece width is equal to the sum of the- ploughing 
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force associate!! lyitii the shearing at the tool base within the ploughing 
region P3C and ploughing force per iinit width associated with the velo- 
city, discontinuity AES. Thus the total ploughing force tangential to 
the tool base per unit ^Tidth of workpiece (^^p) will be equal to 

- t(i5C) Vg + ‘c(AEC) Vj 

where X is the material yield shear stress at the tool base, is the 
non dine nsi oral velocity of mterial around the lower surface of the 
cutting edge, is the nondiraensional velocity indicated in hodograph 
and (AKJ), (A3C) are the arc lengths as shown in Fig, (9a)« 

Substituting the values, 
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of tool novement is exoressod as 


= F_ 


+ P, 


Ht>„ 


“-1 ‘^2 

T)efining, P (e-) = F„/X r, etjuation (4) gives, 


Pl(&) 


6 + 6.6 sin^&/2'^ ....... 


(4) 

(5) 


The force analysis for the sharp-cSge tool ^rith finite wear land under 
the sasx' cutting conditi-'cs that is, sarje depth of cut, cutting speed, 
width of cxtt, friction etc. As raentioned earlier, the effective rake 
angle of a blunt tool can he expressed as the angle between the vertical 
axis (OC') and the tangent, AC (drawn on the cylindrical stirface at a 
point which corresponds to the uncut chip thickness, t) as shown in 
Fig. lOa. T|!ben the depth of cut is increased the negative rake angle 
decreases. The effective rake angle of a blunt tool my be considered 
the same as rake angle of a sharp tool « 


In the case of sharp-edge tool, the cutting force (F^^) will 
be calculated assuming the sticking friction condition over the chip 
tool contact area, ’’’hen machining with tools of positive rake angle it 
has been shov/n (l8)that both sticking and sliding friction conditions 
exist on the rake face. However, the region of sliding friction is 
generally small compared to the region over which stricking friction 
exist* In metal cutting practice the value of chip-tool contact length 
generally varies from ?. to 3 times the depth of cut. However, with 
tools of large negative rake angle this contact length is likely to be 


much higher 
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Sxperioental results of Eonanduri (is) indicate that the chip- 
tool contact length (C^) on the rake face is aporoxiEjately size tires 
the length of rake face corresponding to the depth of cut (t), that is, 

6 t/cos«4 • These experiments were conducted with tools of rake 
angles varying fron C° to -55°. The above value of the chip-tool contact 
length will be assumed in present analysis for sharp tool. 

The forces acting on the sharp— edge tool are shown in Fig. lOa. 
is the material yield shear stress and ’p' is the normal pressure 
acting on the tool rake face. For simplicity, a linear distribution of 
•p’ over the chip— tool contact length as shown in Fig, 10a will be 
assumed. In actual practice this distribution is generally hyperbolic 
(is). The value of pressure *p' can be calculated from the slip— line 
field. The prouosed extreme alpha-slip line DC is shown in Fig, (lOa), 

It is assumed here that all the alpha— slip lines, in the region A5X5, are 
sindlar to the slip line DC. 

The pressure acting on the tool face in the absence of an 
active build-up may be estimated as follows, using the Hencky equation 
(assuming a constant value of t ) 

b + constant along an alpha— line (6) 

where Cf. is the anticlockwise rotat,ion of the slip line from an 
arbitrary datumw 

The major principal stress acting in the direction parallel 
to the surface at the uncut surface is compressive and if the datum 
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direction is chosen to be the free uncut surface then the constant in 
the Hencky equation (6) nay be shown to be equal to — X • Therefore, 

t + 2 t = -'C ...... (7) 

The workpiece surface JU)B is a free surface, therefore, the slip line DC 
will jneet it at 45 degrees. Due to the assumed sticking friction on tool 
face, the slin line DC will meet the tool face at 9C degree. The emti— 
clockwise rotation of DC can be shown to be equal to (45“ +*^). Substi— 
tutir'g this value of in equation (?), the value of *p' can be written 
as, 

fc* = - [j>.57 + 20(3^ (8) 

The total cutting force (Fjj„) acting on the tool rake face oer unit 
width of the workpiece is given es 

= (AC) |[_^P cosfb(, - 6^ sinc< + (®) 


where AC can ho found from the geometry of Fig. lO. This is equal to 
r(l-sino( )/cosoi(^ . Substituting this value of AC and ’p* from equation 
(s) in equation (9). 

''fic - -- coTB — ^ ^ t + a”* )«»«(- 6 + C] 

Defining, F2 (q() = r , gives the following equation 


F^(c< ) « 


(l - sing<) 


COS 


[3 (2.57 * 2C<) coso(^ - 6 sino^+ 

(10) 


when. 


t » t(e*) 

9( » (^/2 - B*) 
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the, 

« p^(e*), ^ /2 ~ B^) 

In these equations the terms in brackets indicate functions. 

Using equation (s), 

= Ij^ + 6,6 sin^8-*/23 (ll) 

and from equation (lO), 




equating equations (ll) and {l2), that is, 


.71 - 2&*) sin6* - 6 cosS* + 

< 12 ) 


Fj(fr*) = Fg (X/2 - B») 


(13) 


Squation (is) will give the solution for 0* , the neutral point angle, 
Grai^ical solution, Fig. 14, gives &* to be equal to 37.5®. This gives 
an effective rake angle of -52.5® where chip formation begins. This 
moans that the cutting conditions exist when 6* is greater than 37.5®, 
below which ploughing occurs. Therefore, the equation (ll) is valid 
only for G* is less than 37.5® and equation (l2) applies for B* is 
greater than 37.5®. 



CHAPTER-III 


EXPERIitiENTAL DETAILS: 

The experiments consist of two |diases of work. During the first 
phase the force measuring device (dynamometer) was calibrated amd in the 
second phase the neutral point was observed* 

The tools of radii ranging from 0,026" to 0,060” in steps of 
0.005" were used on three widaly different work-inate rials, mild steel, 
aluminium and lead* The details of tools and workpiece test piece, are 
given in appendix (l). Force measurenrent was carried out by using a 
milling dynamometer shown in Fig, (l2) and the output was recorded on an 
Encardio-rite pen recorder. The complete experimental setup is shown in 
Pig. (ll). 

3,1 CALIBRATION OF MIIJNG-DYNAMIMETER; 

For conducting the calibration, the d 3 maiaometer was rigidly 
counted on the table of an HMT horizontal Milling Machine, A prooving 
ring of 500 lbs. capacity was placed vertically, directly above the dy- 
namometer for calibrating the vertical axis and horizontally for calibrat- 
ing the cutting-axis. In both cases the output from the two bridges w«re 
recorded. The output from both "the bridges was used to check the cross 
sensitivity in either direction. The readings were taken during both 
loading and unloading of the dynamometer. 
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The cross sensitivity in the cutting direction was found to be 
negligible (less than 0,5^) while the cross sensitivity in vertical dire- 
ction was sone what significant. This simplified the problem since the 
correction was needed only in one direction. This was done by plotting 
several graphs, shown in Fig, (l5, 16). It was found that the cross- 
reading of horizontal force in vertical direction helped the vertical 
force. So, to get the actual vertical force, the cross— reading of 
horizontal force was subtracted from the recorded value of the vertical 
force. It is useful to note here that the hysteietic effect in higher 
range of loading is significant. 

The gain, amplification and sensitivity positions on the pen 
recorder were recorded; these positions will be kept the same throughout 
the experiments. 

3.2 OBSERVATION OF NEUTRAL POINT ON TBE TOOL-FiDGE ; 

For locating the neutral point on the tool-edge, the orthogonal 
cutting with tools of large edge-radii was performed on an HMT horizontal 
Milling Machine at low table speed (240 jm/tan)* Several vertical lines 
were scratched on the test piece at 3 mm intervals as shown in Fig, (l8), 
in order to measure the depth of cut at a particular point. The specimen 
was then mounted on the dynamometer and a finish cut by a sharp tool was 
taken to ensure the flat top surface. The length L and distances , 

D ... etc. of specimen (Fig. 13) at all vertical lines were osasured 
using a precision microineter (least count 0,01 nm). The testpiece was 
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finally mounted on the Milling d 3 mai 2 o 4 e'fcer at a slight angle so that an 
increasing depth of cut was presented to the tool* The slope of ilie 
specimen over the length L was measured using a dial— gauge (least-count,- 

-■■.'0 2 . Vn , , j , 

The tool and specimen were set such that the tool-edge would 
make contact with the workpiece after it has travelled a few milimeter 
distance* The automatic feed was applied to the table and the tool— chip 
contact zone was observed continuously through a microscope of IQX magni- 
fication. The onset of chip formation was marked on iiie recorder using 
the Event-4Sarker and the table motion was also stopped at the same tic^* 
The tool and specimen were disengaged carefully and the testpiece was 
then taken out* 

The distances «**..* etc* were again s^asured using 

the precision micrometer. The differences between these and original B 
will give the depth of cut taken at different point. The depth of cut at 
which the chip appeared will express the neutral point angle 9*. The 
depth of cut could also be determned from the recorder-graph since the 
cutting-speed, recorder paper speed and the slope of the testpfcece were 
known* 

Several cuts with a sharp tool were taken to remove the work- 
hardened material before any new experiment was performed* The idiole 
process was then repeated with tools of various edge radii and other 
woApiece materials* The forces were also recorded for different depth 
of cut with a tool of 0,025" edge— radius* 



CHAPTER^IV 


BESPLTS AND DISCUSSION 

Experimental results obtained were plotted to get the different 
characteristics of chip formation with finite edge tools. Fig. (l7) 
shows the variation of vertical and horizontal forces (F^ and F^.) with 
depth of cut for a particular tool - workpiece combination. In this case 
the work material was lead. The curves of P„ and F„ intersect at a depth 
of cut which corresponds to 97° angle of arc- of contact. Theoretically tk 
this angle should be 90°, This small difference between the experimental 
and theoretical values is well within the experimental-error. 

Fig, (is) shows the plot of neutral-point angle (and effective 
rake angle) versus edge radius of the tool for different work-materials. 
Fig, (l9) represents the plot of the depth of cut where the chip is formed 
t (^) versus edge radius., These curves show only a small variation 
with change in edge radii. The values of the neutral point angle are in 
the range of 28° to 33°, The proposed theory, however, gives this value 
to be equal to 37.5°. It is believed that the discrepancy in the theore- 
tical and experimental values is due to the elastic and plastic recovery 
of the work material and frictional condition at the tool-edge idiich were 
not taken into consideration idiile formulating the theory. Abdelmoniem 
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et. al . (13) found that the ’plastic — recovery* may be of the order of 
10 to 20 ^ of the uncut chip— thickness (t) idiile cutting with a sharp- 
edge tool of large negative rake angle « The elastic— recovery will be 
very small and the effect of this is negligible on the final-readings 
due to the following reasons. 

The tool edge is elastically .deformed due to the pressure acting 
on it thereby changing the sharpness -radius to a higher value which may be 
defined as the 'effective-edge— radius ’ , This effective-edge— radius will 
primarily depend on the hardness of the tool eind workpiece material and 
the cutting temperature. Higher the workpiece-hardness, higher will be 
the effective-edge-radius. But on the other hand, harder the workpiece 
material higher will be the elastic-recovery. Large edge-radius will cause 
an increase in the depth of cut for extrerje no-chip condition. So, in the 
final measurement of the depth of cut, the elastic— flattening of the edge 
of tool and elastic-recovery of the workpiece material will oppose each 
other. The correction cein, however, be made by introducing a factor 
relating the elastic deformations of tool-edge and workpiece. In case of 
soft metals such as aluminium, lead and zinc neither of ihese twi. are 
likely to be of any significance. 

The friction conditions between tbe tool and workpiece will talso 
affect the value of effective rake angle. The value of friction in plough 4 >. 
ing and the cutting will be different because in the former case the 
actual friction will be very near to the sticking friction value due to the 
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pure ploughing, while in the later case the actual friction will he other 
than the sticking one. The friction value along the edge will also vary. 
The trend of its variation is not known. 

In chapter - 1 it was discussed that according to LTrOV (9) 
the effective rake angle should be 45 degrees. The theory proposed by him 
compared the cutting process with rolling of strips. This can be subjec- 
ted to the criticism, since in rolling there are several factors which do 
not conpromise with cutting conditions. These can be described as follows. 

Firstly, rolling and cutting with tool of finite edge radius will 
have different friction values due to the different type of contact between 
the tool and workpiece. In case of rolling the rollers roll on the woik— 
piece while in cutting the tool slides over the workpiece. So, the fric- 
tion values in these two cases are likely to he different. 

Secondly, the rolling process is ssnametrical along the longitu- 
dinal axis while cutting process will be unsjnaiaatrical if the rolling con- 
cept is applied. 

The forces (E,, and F„) measured for different edge radius tools 
and woikpiece materials (Aluminium and Lead) were plotted against ihe 
edge— radius. These curves show the increasing value of the forces with 
increase in ddge radius Fig. (22), The trend of the force variation is 
non-linear, however, theoretically it should be linear because the forces 
are directly proportional to the edge-radius as represented by ei^uation 
(s). It is believed that this non-linearity in the curve is due to the 
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non— linear voluine of netal displaced by the cylindrical— edge of the tool 
with increasing edge raditis# Consequently, the side flow of laetal will 
also show an increasing non-linear trend with increase in edge radius# 

So that ^different widths of cut are presented to the tools in cutting# 

The cutting and thrast force in orthogonal machining vary with width of 
cut (l) that is, an increase in the width of cut increases the force values 
in both directions# Therefore, the non-linearity in the curves are Jus- 
tified# 

Fig* ( 23 ) shows the plot of force ratio (P„/E,-) versus the cutt- 
ing edge radius for aluminium and lead. The trend of the curves for both 
the metals are same. However, the value of ratio (Fg/Fy) is different for 
these metals. The increasing trend of the curves is due to the side flow 
of the materials as discussed earlier. The difference in the valius of the 
ratio (Fg/Fy) for aluminium and lead can be due to the different friction 
values and material-characteristics idiich are a ftmction of strain- 
hardening. According to Gurin (s), this force ratio should be unity at 
the point of chip formation. But the present investigation shows that 
this is not true. 

A tool of natural sharpness has the edge— romdness of approxi- 
mately 0,0003 inch. However, after a few initial cuts with a freshly- 
grotmd tool, the edge radius will become large due to wear. In such a 
case, the proposed analysis will be of a great use. For a tool of certain 
edge-radius, the minimum depth of cut (iidiere the chip is fonaed) can be 
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calculated. If the depth of cut is below the critical depth then no 
chip will be formed and only the ploughing will occur. In finish machin«- 
ing the depth of cut is usually very small so, a tool of substantial edge- 
radius will give poor surface finish. 

Knowing the wear rate of tool— edge, the cutting time for which 
the tool had been in operation, the minimnn depth of cut can be suggested 
for a typical tool in order to get good surface finish. 

The minimum rake angle of a sharp tool that will produce chips 
can also be obtained using the cutting model shown in Fig. (lOb), It is 
clear from Pig, (lOb) that the chip material exists in the domain bounded 
by the shear plane and the rake face. This suggests that as the rake face 
becomes more and more negative, the shear angle (jli) will become smaller 
and smaller but, one would imagine, the rake face AC would ‘catch up* on 
the shear plane BC until finally, the two planes will coincide. At this 
point there is no material with which to form a chip so that pure-plou^ing 
will be observed, 

With this as a basis, an attempt was made to obtain the infor- 
mations from metal cutting literature regarding probable values of the 
rake angle at which pure-ploughing might be expected to occur. In metal 
cutting operati''ns, such as turning, rake less than -40® are very rarely 
used so that any information will necessitate extrapolation over a very 
large range. When this was done by plotting tbe angle between shear 
plane and rake plsme against the rake angle (a( ) Fig. (20) for data 
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obtained fron turning tests (20) on SAE 1020 steel cut in the presence 
of an ecnilsion type coolant, the value of rake angle at which ^ » 0 
is of the order of-5§®. 

Some investigators (l3, 14, 15) have performed the experiments 
to find the no chip condition with sharp— edge tool# Bubenstein, et» al. 

(l4) found that the no chip condition with two different materials (alu- 
minium and copper) lies between rake angles of —50® and —55®. Eomanduri 
(is) also performed the experiments with negative-rake tools. He plotted 
a graph of thrust force and cutting force as a function of negative rake 
angle at a particular depth of cut, Fig. (21 ). The non-linearity of the 
curves start at a rake angle of about —55°. It is believed that this 
non-linearity in the curves indicate the beginning of ploughing range. 

In the cutting range, that is, when the metal is removed in the form of 
continuous chip, the force variation with the rake angle is generally 
linear (l6). 

4.1 A Wm APPROACH TO MACTINABIUTY : 

The machinability of c«tal is governed by several factors. 

According to Shaw (l?) the term machinability is more frequently used in 
connection with the discussion of one or more of the ^inputs*, although 
it is best measured in terms of one of the ^outputs*. Under normal 
circumstances the best criterion for rating machinability in terms of 
work— material, chemistry, heat treatment, tool material, cutting fluid, 
cutting-speed, tool-angles, or other input, is machining cost per part. 

Ll.T. KANPUR 

Acc. 30238 
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Under special conditions where machine capacity is limited and produc- 
tion output is of major concern, the proper machinahility criterion is 
the number of parts per unit time. Several investigators have discu- 
ssed Machinahility in terns of aV've factors. It is proposed here that 
the critical rake angle of a sharp tool where chip formation begins would 
be a worthy consideration as a criterion of workpiece machinahility. 

It has been discussed earlier that as the negative rake-angle 
of a tool increases the rake face comes nearer to the shear plane and 
at a certain rake-angle, both the rake-face and shear plane coincide. 

At this situation, no chip is fomed and all the material is ploughed. 
This condition will result in a very poor machinahility. Prom ihe metal 
cutting data it is known that, at a given rake angle and given cutting 
conditions, ductile materials give a higher shear plane angle than the 
brittle ones (l). Thus it night be expected that with a ductile work- 
piece material the rake plane will catch up with the shear plane faster 
than a brittle workpiece naterial. Therefore the critical rake angle 
will be smaller (more negative) for ductile materials in comparison with 
those of brittle ones. Therefore, it can be said that the brittle mate- 
rials are machinable still at higher value of effective rake angle. 

A similar argument can also be applied for grindability of woric 
materials. The spherical shape of an abrasive grain on the grinding 
wheel results in a force analysis similar to that of orthogonal machining 
in a two-dimensional space . 



A grinding wheel consists of an aggregation of abrasive grains 
which are bonded together. These grains are graded so as to lie within 
a linited size range but will include a variety of shapes* Moreover 
their orientation are random so that during grinding, a workpiece is pre- 
sented with a variety of rake angles. If the workpiece properties and 
in narticuler its degree of ductility are such that the limiting rake 
angle is fairly high (small negative value) then only a proportion of 
the grains which meet the workoiece will remove the material in the form 
of chips, the remainder of grains will only cause ploughing, that is, 
displace the metal to the sides and the process will be inefficient. 

On the other hand if the limiting rake angle is low (large negative value) 
then a naich greater proportion of grains will cut and the process will be 
correspondingly more efficient. Further plou^ing is likely to cause an 
increase in the attritions wear of grinding wheel, hence rapid loading 
and lower tool life. Loading of grinding wheel will be fast in case of 
very ductile materials due to the excessive side flow caused by ploughing. 
Therefore, a grinding wheel which gives poor grindability for materials 
of high ductility, will give the better grindability for materials of 
low ductility. 
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CCNCLUSiri^S : 

It has been established that a critical depth of cut exists 
during nachining ?7ith tools of finite edge radius which signifies the 
onset of chip formation* Below this depth of cut no cutting is possible 
and the material is merely pushed to the sides. The theoretical model 
oredicts the rake angle corresponding to this denth of cut to be — 52 . 5 ®. 
The value compares ’.nell with the experimental results. Further, this 
critical effective rake angle does not apnear to vary with tool-edge— 
radius . 

The critical rake angle appears to vary with material-properties 
and the approach can be used as a criterion for ’’.lachinability* . 
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APFENDIX-I 


Ti\BLE (l) (Refer to Fig. 13) 


Specimen's 

Material 

L 

(cms ) 

0 

(cms) 

W 

( TTimfi ) 

AL 

4 

2.5 

3.24 

Pb 

4 

2.5 

5.1 

MS' 

4 

2.5 

4.69 


TABUB (2) 

TOOL MATERIAL t 10^ COBALT STEEL 

RAKE ANGIE = 30® 

ClEMmCE = 9° 
i\N(jLE 

EDGE FjIDIUS (r) - 


025" 

.040" 

.055" 

030" 

.045" 

,060" 

035" 

.050" 






4 * 
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